Introduction
Allogeneic bone marrow transplantation (BMT) has the potential to cure a number of benign (1-3) and malignant hematological disorders (4, 5) . However, development of graft-versus-host disease (GVHD) is the most serious clinical problem limiting the widespread application of allogeneic BMT (6) . Current paradigms in its pathobiology suggest that acute GVHD occurs through a complex interplay between host APCs (7), donor T cells, and conditioninginduced cytokines/chemokines (6, 8, 9) .
IFN-γ is a key cytokine regulating innate and adaptive immune responses, with pleiotropic functions acting on macrophages, T cells, and NK cells (10) . Its role in the development of GVHD has remained enigmatic, as IFN-γ has the ability to promote or attenuate GVHD depending on the experimental conditions (11) (12) (13) (14) (15) . Actions enhancing GVHD include direct cytopathic effects on the gastrointestinal epithelium (16) and promotion of Th1 differentiation (17) , while GVHD inhibitory effects include the induction of activation-induced cell death (AICD) in donor T cells (14, 18) . In contrast, very few studies have been published to date on the effects of type I IFNs on the pathogenesis of GVHD (19) (20) (21) . Type I IFNs (e.g., IFN-α) are a critical link to the innate and adaptive immune responses. Their early induction by various pathogen-associated molecular patterns, such as viruses, tumors, and apoptotic cells, provides one of the most important priming mechanisms for the subsequent establishment of adaptive immunity (22) .
Stat1 is the main signal transducer for both type I and type II IFNs (23) . Recent studies revealed that Th1 cell development is initiated by Stat1 activation in response to IFN-γ stimulation (24, 25) . During T cell activation T-bet is induced by IFN-γ and STAT1 signaling (24, 25) . Once triggered, T-bet in turn activates IFN-γ expression, leading to autocrine and paracrine positive feedback effects on IFN-γ/Stat1 signaling and Th1 differentiation (24, 25) . We previously demonstrated that activation of Stat1 in GVHD target tissue and secondary lymphoid organs is one of the earliest events in the induction of GVHD (26) .
We therefore hypothesized that Stat1 in donor CD4 T cells is a regulator of acute GVHD. Indeed, as we show here, we found that donor Stat1 deficiency significantly inhibited minor histocompatibility antigen-mismatched (mHA-mismatched) GVHD and reduced GVHD in a fully MHC-mismatched setting. Protection from GVHD in recipients of Stat1-deficient splenocytes was associated with impaired Th1 differentiation and markedly enhanced expansion of functional Treg populations. Conversely, ex vivo expanded Stat1 -/-Tregs significantly suppressed the induction of GVHD. Furthermore, we observed enhanced proliferation and resistance to cell death of Stat1-deficient Tregs; blocking IFN-γ yielded similar results. Together, these findings support a physiological role for Stat1 in the suppression of Treg generation, the promotion of AICD, and facilitation of Th1 differentiation during GVHD. matched setting, recipients of Stat1 -/-splenocytes eventually developed clear clinical and histopathological signs of GVHD (Supplemental Figure 3, A and B) . We also observed increased donor T cell activation (CD44 + CD62L -cells on day 14 compared with day 6 following BMT; Supplemental Figure 3C ), and these cells were host reactive (Supplemental Figure 3D) , confirming that in the MHC-mismatched setting, animals succumbed to GVHD rather than infection or non-GVHD-related causes.
Absence of Stat1 leads to reduced activation and expansion of donor lymphocytes. Recent studies have shown that type I IFN signaling contributes to the expansion of CD8 + T cells in response to viral infections in vivo (29) . Furthermore, IFN-γ has also been suggested to play a role in maintaining immune homeostasis through induction of AICD in clonally expanded CD4 + T cells (30) . Thus, IFN-γ-deficient donors have been reported to induce more significant GVHD (18, 30) , which is partly attributable to the reduced AICD of alloantigen-activated T cells (31) . However, little is known about the role of Stat1 and the shared type I and type II IFN signaling pathway in regulating activation, expansion, and contraction of donor lymphocytes in the scenario of GVHD, although it has been suggested that donor cells lacking the IFN-γ receptor induce less GVHD (17) . As a first step, we studied the effects of Stat1 deficiency on the in vivo expansion of donor T cells following allogeneic BMT. Compared with Stat1 +/+ splenocytes, we observed reduced expansion of both donor CD4 + and CD8 + Stat1 -/-lymphocytes in both mHA-mismatched and MHC-mismatched GVHD models ( Figure 3A and Supplemental Figure 4 ).
Several mechanisms might account for the decreased numbers of Stat1-deficient donor CD4 + and CD8 + T cells (e.g., impaired activation, reduced proliferation, or increased cell death) after infusion into recipients. We therefore studied alloantigen-induced activation and proliferation of donor T cells following allogeneic BMT. To distinguish between donor and host cells in the mHA-mismatched setting, we used congenic B6.SJL (H-2 b , CD45.1 + ) mice as recipients. To determine activation and proliferation of donor CD4 + and CD8 + T cells, CD45.2 + 129.Stat1 +/+ and 129.Stat1 -/-donor cells were labeled with CFSE and injected. Mice were sacrificed, and spleens were harvested on day 6 after BMT. As illustrated in Figure 3B , donor Stat1 -/-CD4 + T cells showed significantly reduced cell division and proliferation (30% CFSE lo in Stat1 -/-CD4 + T cells versus >70% CFSE lo in Stat1 +/+ CD4 + ; P < 0.001). Similarly, the proliferation of donor Stat1 -/-CD8 + cells was also reduced compared with Stat1 +/+ CD8 + cells ( Figure 3B ). When donor CD4 + and CD8 + T cells were analyzed for expression of CD62L and CD69, recipients of Stat1 -/-cells showed significantly reduced expression of CD69 while lacking activation-induced downregulation of CD62L on donor CD4 + and CD8 + T cells ( Figure 4A ). In fact, the expression of CD62L on Stat1-deficient CD4 + and CD8 + T cells was comparable to untreated controls and higher compared with syngeneic recipients ( Figure 4A ; P < 0.05), suggesting that conditioning-induced T cell activation was sufficient for CD62L downregulation in syngeneic recipients. To further study the relationship between proliferation and activation in donor lymphocytes, CD69 and CD62L expression was also tested in relation to CFSE dilution. As shown in Figure 4B , Stat1 deficiency resulted in significantly reduced activation and proliferation, as indicated by the reduced expression of CD69, the retention of CD62L expression, and the finding that the majority of cells were CFSE hi .
We next evaluated CD25 antigen expression on donor T cells following BMT. In the MHC-matched mHA-mismatched setting, we observed a significant decrease in CD25 expression on donor CD4 + and CD8 + cells in recipients of Stat1 -/-splenocytes on day 6 after BMT compared with that of Stat1 +/+ . Of note, the CD25 + population was also CFSE lo , indicating rapid proliferation ( Figure  4C ). IFN-γ is well known for its role in promoting AICD. Thus, the absence of Stat1 signaling may block induction of apoptosis in donor lymphocytes following allogeneic BMT. To monitor the induction of apoptosis and its association with activation and proliferation, we determined Annexin V expression in donor lymphocytes in relation to CD25 expression and CFSE dilution. As shown in Figure 4D , there was significantly increased apoptosis in Stat1 +/+ CD4 + and CD8 + lymphocytes compared with Stat1-deficient cells. This difference between Stat1 +/+ and Stat1 -/-CD4 + and CD8 + T cells was most pronounced in the CD25 + CFSE lo fraction, while there was no difference in the CD25 -CFSE hi population (i.e., nonactivated, nonproliferating cells; Figure 4D ).
In the MHC-mismatched model setting, we also noted reduced expansion of Stat1-deficient donor CD4 + and CD8 + cells (P = 0.09 and P = 0.03) (Supplemental Figure 4A) . Again, Stat1 deficiency resulted in reduced cell division and proliferation, with a significantly increased CFSE hi cell population. However, both donor CD4 + and CD8 + cells proliferated much more vigorously (compared with the mHA-mismatched setting), and more than 90% of cells became CFSE lo (Supplemental Figure 4 , B and D). In contrast to the mHA-mismatched setting and compared with their Stat1 +/+ counterparts, CD25 expression was not reduced but was even higher (n = 3; P = 0.04) in donor Stat1 -/-CD4 + cells (Supplemental Figure 4C ). CD25 expression was almost exclusively restricted to the CFSE lo cell population (Supplemental Figure  4D) . Furthermore, we observed a significantly higher proportion of CFSE hi CD25 -cells (Supplemental Figure 4 , B and D), and there were significantly lower CD44 + CD62L -cells within the Stat1 -/-CD4 + cell population (Supplemental Figure 4E) , indicating that Stat1 deficiency also led to reduced donor activation in the MHC-mismatched setting. Although we did not see a significant difference in apoptosis in the total donor CD4 cells, we did observe reduced Annexin V + cells in the activated Stat1 -/-CD25 + population (which was also CFSE lo ) compared with Stat1 +/+ CD25 + cells (Supplemental Figure 4F) , indicating that Stat1 deficiency leads to reduced AICD.
The observation of decreased AICD following strong alloantigendriven TCR stimulation would lead to the expectation that alloreactive donor T cells should increase and not decrease over time. In vitro studies in fact confirmed that Stat1-deficient spleen cells or CD4 + cells from either Stat1 +/+ or Stat1 -/-mice hyperproliferated in response to allostimulation. As shown in Supplemental Figure 5 , both Stat1 -/-spleen cells and CD4 + cells proliferated more vigorously than their Stat1 +/+ counterparts. Given these discrepant in vitro findings, we hypothesized that the reduced expansion of alloreactive donor T cells, which we observed in vivo in both immunogenetic disparities, could not be entirely explained by an intrinsic defect of Stat1-deficient T cells.
Stat1 deficiency in donor T cells leads to skewed CD4 + T cell differentiation. To further investigate the underlying mechanism of reduced GVHD in recipients of Stat1 -/-splenocytes, we studied the role of donor Stat1 in controlling the systemic inflammatory response. For this purpose, we analyzed serum cytokine profiles in recipients of Stat1 -/-versus Stat1 +/+ donor cells on day 6 after BMT in the MHC-mismatched BMT and mHA-mismatched GVHD model. As shown in Figure 5A , lack of Stat1 in donor splenocytes led to significantly diminished Th1 cytokine levels (IFN-γ: 508 pg/ml versus 84 pg/ml, P < 0.05; IL-12: 198 pg/ml versus 54 pg/ml, P = 0.08; IL-15: 170 pg/ml versus 55 pg/ml, P = 0.05) but significantly elevated IL-4 (P = 0.003), IL-5 (P = 0.007), and IL-17 (P = 0.03) levels in the fully MHC-mismatched strain setting. IL-6 levels were also increased, with a trend toward statistical significance (P = 0.08, data not shown). Similar observations with skewed Th1/Th2 cytokine balance were made in the mHA-mismatched setting. We observed reduced TNF-α, IFN-γ, CXCL9/MIG, and CXCL10/IP-10 but elevated IL-5 levels ( Figure 5B ). However, we did not see any significant difference in IL-12p70, IL-10, or IL-17 in this setting ( Figure 5B ), nor did we see any significant difference in IL-2 levels on day 6 after BMT in either the MHC-or mHA-mismatched settings (data not shown).
To confirm attenuated Th1 differentiation in the absence of Stat1, we studied Stat1 +/+ and Stat1 -/-CD4 + T cells for their Th1 differentiation capacity in vitro and in vivo by analyzing IFN-γ and T-bet expression, which are hallmarks of Th1 differentiation. Stat1 +/+ and Stat1 -/-splenic CD4 + T cells were stimulated with immobilized α-CD3 and soluble α-CD28 antibodies in the presence (Th1 conditions) or absence of murine IL-12 and anti-IL-4 antibody and studied for the induction of T-bet and IFN-γ expression. Stat1-deficient CD4 + T cells were significantly impaired in their ability to convert to IFN-γ-producing Th1 cells during in vitro cultivation ( Figure 5C ), indicating that even IL-12 could not bypass the block of Th1 differentiation in Stat1-deficient CD4 + T cells. In line with the in vitro studies, donor Stat1 -/-CD4 + T cells displayed significantly decreased T-bet and IFN-γ ( Figure 5D ) but increased IL-4 and IL-17 expression ( Figure 5E ) in vivo in the MHC mismatched setting on day 6 following BMT. We observed the same attenuated IFN-γ expression in donor Stat1 -/-CD4 + cells on day 6 after BMT in the mHA-mismatch setting (data not shown).
Lack of Stat1 in donor CD4 T cells leads to increased Foxp3 + Tregs. Since Stat1 deficiency in donor lymphocytes resulted in reduced GVHD and impaired Th1 differentiation, we were interested in whether inhibition of GVHD involved a Treg-dependent mechanism. On day 6 after BMT, we found a highly significant increase in the proportion of donor type CD4 + CD25 + Foxp3 + Tregs in recipients of Stat1 -/-splenocytes compared with that in recipients of Stat1 +/+ splenocytes in both immunogenetic disparities (MHCmismatched and MHC-matched mHA-mismatched setting; both P < 0.001; Figure 6 , A and B). In the mHA-mismatched setting, we observed that the absolute numbers of Tregs in the spleen from recipients of Stat1 -/-cells were significantly higher than those of Stat1 +/+ cells ( Figure 6B ). However, we did not find significant dif- ferences in the absolute numbers of Tregs in the fully MHC-mismatched setting ( Figure 6A ).
There are 2 pathways for development of Tregs: natural Tregs (nTreg) are derived from the thymus, while inducible Tregs (iTreg) are generated in the periphery from CD4 + CD25 -Foxp3 -cells under inflammatory conditions. Natural and inducible CD4 + CD25 + Foxp3 + Tregs (nTregs and iTregs, respectively) play a pivotal role in immune regulation and controlling inflammatory conditions. Tregs have been reported to prevent or delay the onset of GVHD in animal models (32) , and the presence of Tregs in GVHD target organs has been shown to correlate negatively with the severity of GVHD (33) .
To exclude the possibility that the observed increased Treg population during induction of GVHD may be due to constitutively elevated numbers of Tregs in Stat1-deficient mice, we assessed the Treg content in thymi and spleens of 129.Stat1 +/+ and 129.Stat1 -/-mice. In accordance with a previous report (34), we noted a significant decrease in thymic and splenic Tregs of Stat1 -/-animals (spleen: 3.2% ± 0.2% versus 2.4% ± 0.1%, P = 0.024; thymi: 6.4% ± 0.7% versus 3.7% ± 0.2%, P = 0.008; Supplemental Figure 6 ) compared with wildtype animals under steady-state conditions.
Besides the reduced proliferation of CD25 + conventional CD4 + T cells as we showed in Figures 3 and 4 , several other mechanisms including enhanced proliferation and/or reduced apoptosis of Stat1-deficient nTreg and/or iTregs might also account for the increased Foxp3 + population within the Stat1-deficient CD4 + CD25 + cells. We therefore sought to delineate whether Stat1 controls the expansion of nTregs, the induction of iTregs, or both via regulation of proliferation and cell death.
Absence of Stat1 in nTregs leads to reduced cell death and enhanced proliferation in vitro.
To better understand the influence of Stat1 deficiency on the proliferation of nTregs, purified splenic Stat1-deficient or Stat1 wild-type CD4 + CD25 + cells were labeled with CFSE, cultured on α-CD3-coated plates in the presence of α-CD28 antibodies and IL-2 for 3 days, and analyzed for proliferation and induction of apoptosis. More than 95% of CD4 + CD25 + cells were Foxp3 + at the initiation of the culture (data not shown). As shown in Figure 7A , we observed significantly increased expansion of Stat1 -/-CD4 + CD25 + Foxp3 + Tregs compared with Stat1 +/+ Tregs (P < 0.001). Half of the Stat1 +/+ starting population underwent cell death, as determined by trypan blue staining after 3 days of in vitro culture, compared with only 10% of Stat1 -/-cells ( Figure 7B ). When cell proliferation was monitored by CFSE dilution, Stat1 deficiency in CD4 + CD25 + Foxp3 + Tregs resulted in a significantly higher proportion of CFSE lo cells, which indicated more vigorous proliferation, with 85% Foxp3 + cells being CFSE lo in Stat1 -/-compared with only 65% Foxp3 + CFSE lo in Stat1 +/+ Tregs ( Figure 7C and data not shown). Furthermore, at the end of the culture, 30% of the Stat1 +/+ CD4 + CD25 + population were Foxp3 -, compared with only 10% of the Stat1 -/-cells ( Figure 7C ). We suspected that these Foxp3 -cells may have converted from Foxp3 + Tregs upon strong TCR stimulation, as described by other investigators (35) . Since TGF-β1 has been reported to maintain Foxp3 expression and suppressor function of CD4 + CD25 + Tregs (36), we further analyzed whether this conversion could be inhibited by adding TGF-β1 into the culture system. Indeed, TGF-β1 almost completely abolished the generation of Foxp3 -cells (less than 5%) in both Stat1 +/+ and Stat1 -/-cells. However, Stat1-deficient cells proliferated more vigorously compared with Stat1 wild-type cells, as indicated by the significantly higher proportion of CFSE lo cells found in Stat1 -/-cells (>80%) compared with Stat1 +/+ cells (<60%; Figure 7D ), supporting the notion that lack of Stat1 promotes in vitro expansion of nTregs.
IFN-γ has been reported to induce apoptosis in many types of cells, including T cells (37) . To understand the underlying mechanism of increased expansion of Stat1 -/-nTregs, we treated both Stat1 +/+ and Stat1 -/-nTregs with α-INF-γ antibodies in the presence of IL-2 and TGF-β1. As shown in Figure 7E , blocking IFN-γ by use of neutralizing antibodies significantly abrogated spontaneous induction of apoptosis of Stat1 +/+ nTregs cultured under Treg conditions, indicating that autocrine/paracrine IFN-γ inhibits Treg development. In contrast, we saw significantly lower levels of spontaneous apoptosis in Stat1-deficient Tregs, and the addition of α-IFN-γ antibodies did not further reduce apoptosis of these Stat1 -/-nTregs ( Figure 7E ), indicating that IFN-γ/Stat1 is a contributing factor for the induction of nTreg apoptosis under Treg conditions.
It is well established that the balance between p-Stat1 and p-Stat3 expression determines the fate of many cells. Thus, enhanced p-Stat1 expression promotes induction of apoptosis and suppression of proliferation. In contrast, increased p-Stat3 expression is associated with enhanced proliferation and reduced apoptosis (38, 39) . To further elucidate the increased resistance to apoptosis of Stat1-deficient Tregs, we studied the expression and activation of Stat1 and Stat3. In line with their increased resistance toward apoptosis, Stat1-deficient nTregs were found to have constitutively upregulated expression of p-Stat3 (Tyr705). Although there was no significant increase in Stat3 expression or activation in wild-type nTregs following IFN-γ neutralization, Stat1 phosphorylation as well as total Stat1 were significantly reduced, resulting in an overall reduction of the ratio of p-Stat1/p-Stat3 ( Figure 7F) .
Absence of Stat1 in CD4 + T cells leads to enhanced in vitro and in vivo induction of iTregs in an IFN-γ/Stat1-dependent way.
We next determined the impact of Stat1 deficiency on the generation of iTregs from CD4 + CD25 -cells. In vitro differentiation studies under Treg conditions (medium containing IL-2 and TGF-β1) showed that induction of iTreg from Stat1 -/-CD4 + CD25 -cells was significantly enhanced compared with Stat1 +/+ CD4 + CD25 -cells ( Figure 8A ). Given the role of Stat1 as a major signal transducer for type I and type II IFNs, we induced Tregs from naive CD4 + cells isolated from wild-type B6 mice, Ifnar -/-mice, and Ifngr -/-mice under Treg conditions to determine the contribution of IFN-γ or IFN-α to the generation of iTregs. As shown in Figure 8B , the absence of IFN-γ receptor significantly increased Treg generation, whereas the absence of IFN-α receptor had only a modest effect on Treg induction. To obtain further supporting evidence for the role of IFN-γ-induced Stat1 signaling in the induction of iTreg, Stat1 +/+ CD4 + CD25 -cells were cultured under Treg conditions in the absence or presence of anti-IFN-γ antibodies for 3 days and studied for p-Stat1 expression. As shown in Figure 8C , increased p-Stat1 expression was observed after 3 days of culture under Treg conditions. The addition of α-IFN-γ antibodies almost completely blocked p-Stat1 expression: as shown in Figure 8D , twice as many CD25 + Foxp3 + Tregs were generated from CD4 + CD25 -cells during culture in the presence of α-IFN-γ antibodies. In addition, induction of iTregs from Stat1 -/-CD4 + CD25 -cells was comparable with iTregs generated from Stat1 +/+ cells in the presence of α-IFN-γ antibodies. However, adding α-IFN-γ antibodies to Stat1 -/-CD4 + CD25 -cells did not result in a further increase in Tregs, indicating that the inhibitory effects of IFN-γ on Treg induction was Stat1 dependent.
IFN regulatory factor 1 (IRF-1) is a member of the IFN regulatory transcription factor family and is one of the most prominent Stat1-inducible genes in response to IFN-γ (40). It was reported that IRF-1 inhibits Treg differentiation by repressing Foxp3 expression through direct binding to a highly conserved IRF consensus element sequence in the promoter of the Foxp3 gene. Furthermore, Irf1-deficient mice had higher numbers of nTregs and iTregs (41) . We therefore wanted to know whether the observed increase in Tregs generated from Stat1-deficient CD4 + CD25 -is associated with reduced IRF-1 expression. Using quantitative real-time PCR (qRT-PCR), we demonstrated significantly reduced expression of IRF-1 in Stat1-deficient iTregs. Consistent with this result, the addition of neutralizing α-IFN-γ antibodies to Stat1 wild-type iTreg cultures reduced IRF-1 expression to the low levels observed in Stat1-deficient iTregs ( Figure 8E ). The addition of α-IFN-γ antibodies did not further inhibit IRF-1 expression in Stat1 -/-iTregs. The qRT-PCR results were confirmed by Western blot ( Figure 8F ). These findings suggest that the inhibitory effects of IFN-γ/Stat1 on Treg induction may involve IRF-1.
We next sought to confirm enhanced iTreg generation in the absence of Stat1 using BALB/c mice that were reconstituted with 5 × 10 6 TCD 129.Stat1 +/+ BMCs following lethal irradiation. Recipients were co-injected with 3 × 10 6 CD4 + CD25 -cells purified from either 129.Stat1 +/+ or 129.Stat1 -/-splenocytes (purity 94%). BALB/c animals reconstituted with syngeneic BMCs and CD4 + CD25 -T cells served as controls. On day 6 after BMT, animals were sacrificed and spleens were analyzed by flow cytometry (FCM). As expected, we found a significantly higher proportion of CD4 + CD25 + Foxp3 + cells in recipients of CD4 + CD25 -Stat1 -/-cells compared with recipients of Stat1 +/+ T cells ( Figure 8G) . Figure 9A ). Stat1-deficient Tregs suppressed proliferation of TCR-triggered CD4 + CD25 -T cell responder cells even at a low R/T ratio ( Figure 9A ). To exclude the possibility that enhanced proliferation of the Stat1 -/-Tregs leading to a skewed R/T ratio during the time of co-culture accounted for the inhibition of the responder population, we also conducted experiments in which Tregs were irradiated with 3,000 cGy. Even under these conditions, we observed a Treg-dependent inhibition of responder cell proliferation (data not shown) by both Stat1 +/+ and Stat1 -/-Tregs. Thus, these results suggested that Stat1-deficient Tregs were functional in vitro but did not reveal any major differences regarding the suppressive mechanisms.
Next we attempted to confirm the preserved function of Stat1-deficient Tregs in vivo. Tregs have been reported to effectively inhibit the induction of acute GVHD (32) . For this purpose, we used Stat1 -/-or Stat1 +/+ Tregs that had been cultured for 3 days in vitro in the presence of α-CD3/α-CD28, IL-2, and TGF-β1. Under these conditions, more than 95% of CD4 + T cells from both Stat1 +/+ and Stat1 -/-donors retained Foxp3 + expression ( Figure 7D ), compared with cultures without TGF-β1 ( Figure 7C 129.Stat1 +/+ TCD BMCs and pan-T cells only were used as GVHD controls, while lethally irradiated mice receiving TCD BALB/c BMCs and pan-T cells were used as syngeneic controls. As shown in Figure  9B , in vitro-expanded Tregs from both Stat1 +/+ and Stat1 -/-mice led to complete protection from GVHD at a R/T ratio of 1:1. Of note, recipients of Stat1-deficient Tregs lost significantly less weight compared with recipients of Stat1 +/+ Tregs (Supplemental Figure 8) . Based on the difference in weight loss, we hypothesized that Stat1-deficient Tregs may be superior to Stat1 +/+ Tregs in suppressing GVHD due to the enhanced proliferation and survival of Stat1-deficient Tregs. To address this question, we compared Stat1 -/-and Stat1 +/+ Tregs at different R/T ratios (1:4 and 1:8). At a R/T ratio of 1:4, both Stat1 +/+ and Stat1 -/-Tregs were equipotent in preventing GVHD mortality ( Figure 9C ), although recipients of Stat1 -/-Tregs again showed improved weight curves (data not shown). However, at a ratio of 1:8, Stat1 +/+ Tregs were significantly less potent in preventing GVHD mortality compared with Stat1 -/-Tregs ( Figure 9C ). These data therefore suggest that in vitro expanded Stat1 -/-nTregs have an increased proliferative capacity, leading to enhanced in vivo suppressive function.
Discussion
The exact roles of type I and II IFNs in the development of GVHD have yet to be fully understood. Multiple lines of evidence indicate that IFN-γ, a hallmark of Th1 differentiation, may promote (17) or antagonize (14, 18, 30) GVHD morbidity and mortality and that these opposing effects may depend to some extent on the intensity of conditioning therapy. As elegantly demonstrated by Welniak et al. (13) , lack of IFN-γ in donor CD4 T cells resulted in accelerated mortality in MHC class II-mismatched recipients following myeloablative conditioning. In contrast, when sublethal conditioning was used, donor IFN-γ deficiency ameliorated GVHD. The mechanisms underlying these opposing observations remain unclear. In contrast, the contribution of IFN-α to GVHD development has not been established.
Because STAT1 is the primary signaling transducer for type I and II IFNs, we examined the role of this signaling pathway during GVHD using Stat1-deficient donors and found that Stat1-dependent signaling promotes Th1 polarization through induction of T-bet and IFN-γ expression in donor CD4 T cells following allo-activation during GVHD. In accordance with previous findings by our laboratory (26, 42) and other investigators (43), IFN-γ-induced chemokines and their cognate receptors further amplify the inflammatory response and migration of effector cells to the sites of inflammation. Our data demonstrate that the development of GVHD is delayed or abrogated by donor Stat1 deficiency in both immunogenetic disparities. Although it has been postulated that donor IFN-γ is critical for limiting GVHD through induction of AICD (14) in donor T cells, we observed that the role of Stat1 in GVHD extends beyond mediating IFN-γ-induced AICD in effector T cells. The attenuated ability of Stat1-deficient donor cells to induce clinical GVHD and associated tissue damage was associated with reduced activation and expansion of donor T cells as well as impaired Th1 polarization, as indicated by absent or reduced T-bet and IFN-γ expression. Furthermore, Stat1 inhibits expansion of nTregs and generation of iTregs, thereby preventing Treg-mediated abortion of the Th1 response. Due to an enhanced proliferative capacity and resistance to apoptosis, Stat1-deficient Tregs were more potent in suppressing GVHD compared with wild-type Tregs.
Activation of donor lymphocytes triggered by host APCs is considered to be a central event in the early induction of GVHD (44) . T cell activation involves multiple, rapidly occurring intracellular signaling events that in turn activate transcription of cytokine genes, such as IL-2, IFN-γ, and their respective receptors (24, 25) . Whereas Stat1 deficiency abrogated GVHD in the mHA-mismatched setting, GVHD was only delayed in recipients of fully MHC-mismatched cells, with clear signs of GVHD tissue damage and detection of host-reactive donor T cells ( Supplemental Figure 3) . In fact, we observed much more vigorous proliferation of donor T cells following MHC-mismatched transplantation (Supplemental Figure 4 ) compared with the mHA-mismatched setting. Nonetheless, there remained attenuated activation of Stat1-deficient cells (reduction in CD44 + CD62L -CD4 + T cells) and decreased expansion of donor T cells (reduced absolute CD4 and CD8 numbers, increased CFSE hi cells), indicating that reduced activation and proliferation is the main mechanism of reduced GVHD induction by Stat1-deficient T cells.
This reduced activation and proliferation in Stat1 -/-donor lymphocytes may be counterbalanced by reduced AICD due to the absence of IFN-γ/Stat1 signaling. Data from our laboratory (Supplemental Figure 5 ) and other laboratories (45) demonstrate hyperproliferation of Stat1-deficient CD4 T cells. Thus, the reduced expansion of Stat1-deficient donor T cells could not be explained by an intrinsic defect of Stat1-deficient T cells to proliferate. Our results suggest that other mechanisms must explain the reduced expansion of donor T cells and attenuated GVHD. Indeed, we show that the absence of Stat1 significantly impaired Th1 differentiation. Furthermore, we show that Stat1 acts as a negative regulator of donor Treg development during the induction of GVHD.
The balance of p-Stat1/p-Stat3 is important for the regulation of cell proliferation and apoptosis (38, 39, 46) . We observed that Stat1-deficient purified nTregs displayed increased Stat3 activation. Therefore, our results might provide a mechanistic explanation for the enhanced proliferation and apoptosis resistance of these cells. In contrast, we observed predominant downregulation of total Stat1 expression in wild-type nTregs following IFN-γ neutralization, without upregulation of p-Stat3 expression. It is well documented that p-STAT1 homodimers following IFN-γ stimulation can bind to the γ-activating sequence in the promoter region of both STAT1 and IRF1, thus leading to a positive feedback loop promoting STAT1 transcription (47, 48) . We therefore assume that the blockade of IFN-γ results in almost complete abroga- tion of IFN-γR-dependent Stat1 activation and subsequent Stat1 expression. Because cells were studied on day 3 of culture, we postulate that Stat1 expression was already completely downregulated and that IFN-γ may promote Stat1 gene transcription through the MAPK pathway (49) . It is conceivable that the complete absence of Stat1 may lead to constitutive Stat3 activation in nTregs, promoting their survival and proliferation. In line with these considerations, Stat3 inhibition using siRNA has been shown to inhibit Foxp3 expression and block Tregs (50) . In wild-type Tregs, neutralization of IFN-γ resulted in a profound downregulation of Stat1 activation and expression but did not influence the expression levels of activated Stat3. We therefore postulate that although expression of activated p-Stat3 did not change, the p-Stat1/p-Stat3 ratio still favored Stat3 signaling and promoted Stat3-driven survival and proliferation (38, 46) . Additional studies are warranted to delineate the precise crosstalk of Stat1 and Stat3 in Tregs.
Lack of Stat1 also led to a significant enhancement of iTreg generation. In this context, we demonstrate that Stat1-deficient iTregs have a significantly lower expression of IRF-1, which has been shown to be a negative regulator of Foxp3 expression and Treg generation (41). We do not provide direct mechanistic evidence that the decrease in IRF-1 expression observed in Stat1-deficient Tregs or following IFN-γ blockade directly accounts for the enhanced generation of iTregs. However, it is possible that attenuated IRF-1 expression may be at least one mechanism leading to enhanced iTreg generation. We therefore postulate that under physiologic conditions, the inhibitory effect of Stat1 on Treg development may contribute to preventing premature Treg-dependent abrogation of a Th1 inflammatory response. Taken together, our findings provide evidence that the absence of Stat1 promotes the generation and expansion of Tregs and that this Stat1-dependent suppression of Tregs is primarily due to IFN-γ, and not IFN-α, signaling.
Most importantly, we show that in Stat1 -/-Tregs, the functional markers (Foxp3, CTLA4, GITR, TGF-β, and IL-10) were fundamentally comparable with their Stat1 +/+ counterparts. Consistent with our observation that Stat1 -/-Tregs have an enhanced proliferative capacity and resistance to apoptosis, we demonstrated that ex vivo-expanded Stat1-deficient nTregs were significantly more potent than wild-type Tregs in suppressing GVHD. Based on these results, we postulate that the enhanced proliferative capacity, together with the increased resistance to apoptosis, is the primary reason for the superiority of Stat1-deficient Tregs compared with wild-type Tregs.
Currently, the role of Stat1 in the development of Tregs is controversial due to conflicting results. Nishibori et al. noted that Stat1-deficient animals are more susceptible to the development of experimental autoimmune encephalitis (EAE) due to impaired development and function of Tregs (34) . In contrast, using this same model with enhanced susceptibility to EAE induction, Bettelli et al. were not able to confirm a functional Treg defect in Stat1-deficient mice (51) . In support of our findings, recent studies suggest that IFN-γ-dependent signaling and Th1 conditions may be negative regulators of Treg development (52, 53) .
In contrast to the mHA-mismatched model, Stat1 deficiency merely delayed GVHD-induced mortality in a fully MHC-mismatched setting. We observed that Stat1 deficiency in CD8 + T cells does not impair their in vitro differentiation into IFN-γ-producing cells if exogenous IL-12 is present, nor their in vivo differentiation during induction of GVHD (H. Ma and M.Y. Mapara, unpublished observations). Thus, it is possible that donor Stat1 -/-CD8 T cells might also potentially contribute to the development of delayed GVHD in the MHC-mismatched setting.
More importantly, we noted an increased Th17 differentiation in the MHC-mismatched setting, which was not observable in the mHA-mismatched setting. The role Th17 in experimental GVHD has led to seemingly discordant results. Some reports suggest that Th17 cells promote induction of GVHD (54, 55) , while others report that Th17 differentiation attenuates the induction of acute GVHD by diminishing the Th1 response (56) . It is therefore possible that this Th17 skewing of Stat1-deficient donor cells may account for the delayed mortality in the MHC-mismatched model. In addition, our data suggest that Th17 differentiation may be influenced by the extent of the immunogenetic disparity and the intensity of the allostimulation. Further studies are currently ongoing to clarify the contribution of Th17 cells to the delayed GVHD seen in our MHC-mismatched model.
Our finding that lack of Stat1 reduces GVHD is at odds with the notion that IFN-γ-dependent induction of AICD is a limiting factor for the development of GVHD. Several non-mutually exclusive explanations might account for this apparent contradiction. First, the absence of Stat1 leads to reduced activation and impaired Th1 differentiation, as shown in this study, while IFN-γ deficiency did not attenuate activation, as reported by others (11, 30) . Secondly, based on our results, we postulate that IFN-γ will not only induce AICD in donor effector T cells but will also suppress the development of Tregs. Therefore, in the absence of IFN-γ/Stat1-dependent signaling, it may be that the balance of increased Treg expansion rather than reduced AICD of the effector T cells influences the development of GVHD. Given the significantly reduced GVHD in both BMT settings, it appears that the increased expansion of Tregs as well as the attenuated Th1 differentiation trumped the reduced AICD. Furthermore, it is possible that IFN-γ-mediated suppression of Tregs is critically dependent on the presence of Stat1, whereas IFN-γ-dependent AICD of donor T cells may utilize Stat1-independent signaling pathways (57) . In addition, the role of IFN-γ in regulating GVHD is influenced by conditioning intensity (13) and may further depend on the presence and intensity of allostimulation from host hematopoietic cells. Thus, it is not possible to equate IFN-γ deficiency with STAT1 deficiency. IFN-γ has been shown to be important for mediating the lymphohematopoietic graft-versus-host reaction (18) , and lack of donor IFN-γ may result in reduced and delayed clearance of host APCs, leading to prolonged and more intense allostimulation of the donor T cells, which in turn leads to massive expansion and reduced contraction due to impaired AICD.
In addition, the absence of STAT1 is associated with several defects in cellular immunity, resulting in an enhanced susceptibility to viral, Mycobacterium tuberculosis, and Leishmania major infections (58) (59) (60) (61) (62) . The mechanistic basis for this immunodeficiency involves impaired memory development, CTL generation, and DC function (63) (64) (65) . Our results now provide evidence that Stat1 is an inhibitor of Tregs and that in the absence of Stat1, enhanced expansion of Tregs may lead to blunting of the Th1 response, thereby contributing to immunosuppression. However, despite these immune defects, our model demonstrated that Stat1-deficient donors were still able to launch anti-host responses in the fully MHC-mismatched setting. In addition, we saw retained anti-third party responses in Stat1 -/-BALB/c chimeras (data not shown). Finally, we have evidence that CD8 T cells are not impaired in their cytolytic activity (H. Ma and M.Y. Mapara, unpublished observations). Taken together, these findings indicate that, despite the well-established immune defects induced by Stat1 deficiency, the inhibition of GVHD in our model cannot be attributed to global hyporesponsiveness.
In summary, our studies using Stat1-deficient donors demonstrate how Stat1 regulates the development of GVHD. First, Stat1-deficient CD4 T cells are impaired in their ability to differentiate into Th1 cells, leading to a significant blunting of the inflammatory reaction. Second, absence of Stat1 in splenocytes is associated with reduced T cell activation and alloantigen-driven expansion of donor T cells. Third and most significantly, Stat1 is an inhibitor to both nTreg and iTregs in vitro and in vivo. These latter findings have clear implications beyond the realm of GVHD. Based on our observation of enhanced in vitro expansion of nTregs and enhanced generation of iTregs from CD4 + CD25 -T cells, additional studies are warranted, given that targeting Stat1 may be a promising approach for enhancing in vitro and in vivo generation of Tregs for therapeutic purposes in the context of transplantation or inflammatory conditions.
Methods
Mice. Female C57BL/6 (B6; H2 b ), congenic B6.SJL (H2 b ), BALB/c (H2 d ), wild-type 129S6/SvEv (129.Stat1 +/+ ; H2 b ), and 129.Stat1 -/-mice were purchased from The Jackson Laboratory or Taconic. Splenocytes from Ifngr -/-mice on a B6 background were provided by Kyle C. McKenna (University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USA). Ifnar -/-mice on a B6 background were originally provided by Murali-Krishna Kaja (University of Washington, Seattle, Washington, USA), and we have since maintained breeding colonies (66) . All mice were used at 8-12 weeks of age and were housed in autoclaved microisolator environments and provided with sterile water and irradiated food ad libitum. All manipulations were performed in a laminar flow hood. All animal procedures were approved by the IACUC of the University of Pittsburgh.
BMT and induction of GVHD. GVHD was induced in the fully MHC-mismatched strain combination 129.Stat1 +/+ /129.Stat1 -/-→BALB/c or the mHA-mismatched 129.Stat1 +/+ /129.Stat1 -/-→B6 combination. Recipients were lethally irradiated (BALB/c: 800 cGy; B6 and B6.SJL: 1,075 cGy) and reconstituted with a single intravenous inoculum of TCD 5 × 10 6 allogeneic or syngeneic BMCs. T cell depletion was performed using CD90.2 microbeads (Miltenyi Biotec). In the MHC-mismatched and MHC-matched mHA-mismatched strain setting, GVHD was induced by co-injection of allogeneic spleen cells or selected T cell populations as described below. Mice from different treatment groups were randomly assigned to different cages to ascertain that caged housed animals from different groups to rule out cage-related effects.
Clinical GVHD assessment and histopathology scoring. GVHD morbidity was assessed using a standard scoring system, which is based on summation of 5 criteria scores: percent of weight change, posture, activity, fur texture, and skin integrity (67) . For histopathological analysis of GVHD target tissues, samples were collected from liver and small and large intestines and fixed in 7% formalin. Formalin-preserved tissue samples were embedded in paraffin, cut into 5-μm-thick sections, and stained with hematoxylin and eosin for histological examination. A semiquantitative scoring system was used to assess the morphologic changes indicative of GVHD as published by Hill et al. (67) : small intestine -villous blunting, crypt regeneration, luminal sloughing of cellular debris, crypt cell apoptosis, crypt destruction, lamina propria inflammatory infiltrate, and mucosal ulceration; colon -crypt regeneration, surface colonocyte vacuolization, surface colonocyte attenuation, crypt cell apoptosis, crypt destruction, lamina propria inflammatory infiltrate, and mucosal ulceration; and liver -portal tract expansion by chronic inflammation, lymphocytic infiltrate of bile duct epithelial apoptosis, bile duct epithelial cell sloughing, endothelialitis, parenchymal apoptosis, parenchymal microabscesses, parenchymal mitotic figures, hepatocellular cholestasis, and steatosis. The scoring system denoted 0 as normal, 0.5 as focal and rare, 1.0 as focal and mild, 2.0 as diffuse and mild, 3.0 as diffuse and moderate, and 4.0 as diffuse and severe. Scores were added to provide a total score for each specimen. Slides were coded without reference to mouse strain or treatment and were systematically examined.
Cytokine multiplex analysis. The LabMap serum/supernatant assays were performed in a 96-well microplate format according to a protocol provided by the manufacturer (BioSource International). A filter-bottom, 96-well microplate (Millipore) was blocked for 10 minutes with PBS/BSA. To gen-
